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Introduction
The global trend towards increasing urbanization is resulting in a wide variety of
ecological, economical, and sociological problems. Aside from being increasingly
difficult to sustainably manage, the growing human population contributes significantly
to habitat loss, degraded ecosystems, and climate change, as well as food, water, and
energy insecurity (Carter and Jackson 2007, Colla et al. 2009, FIG 2010). The year 2007
marked the first time in history that over half of the human population lived in cities, and
this amount is estimated to continue rising (FIG 2010). From a conservation perspective,
urbanization is a leading cause to the massive losses in biodiversity around the world
(Miller and Hobbs 2002). Many biodiversity hotspots are located in areas of the world
that are experiencing rapid urban growth, such as the tropics (Miller and Hobbs 2002). In
order to effectively mitigate these adverse effects of growing cities, urban planners must
look to research from a wide variety of disciplines. Unfortunately, until recent decades
little research was conducted in urban ecosystems.
Historically, conservation efforts have focused on ecosystems protected and
separate from large-scale anthropogenic effects, such as nature reserves or national parks
(Pickett et al. 2011). Miller and Hobbs (2002) found that less than 6% of papers from
1995-1999 in Conservation Biology dealt with urban, suburban, or exurb an ecosystems.
Humans are often seen as being apart from nature, but this ignores the fact that we, like
other living organisms, interact with the components and processes of the ecosystems in
which we live. We have huge potential impacts on the physical complex of ecosystems;
for example, we alter soil content and hydrology through the construction of buildings
used for shelter or on our ability to transport materials (Pickett and Grove 2009). In
addition to these alterations to the physical environment, we can also impact ecosystems
through our social structures, in the form of formal or informal institutions and their
outlooks on our surrounding environment (Pickett and Grove 2009). Our considerable
role in shaping our environment thus necessitates considering inclusion of humans and
human actions into the realm of scientific study and biological conservation.
Arguably our biggest impact on ecosystems is the built environment: our streets,
sidewalks, and buildings. Each of these contributes to often intense land-use change and
thus habitat loss. Some species require specific vegetation and climate for their habitat,
while others, especially large mammals, require wide ranges (Miller and Hobbs 2002).
Our cities thus tend to drive out much of the native fauna and are contributing to
worldwide losses in biodiversity. Adding green spaces within urban areas can invite
wildlife back in (Beatley 2011, Earth Pledge 2005, MacIvor and Lundholm 2011). Part of
the built environment that is often overlooked as a potential area for green space is on a
rooftop. Green, or vegetated, roofs can serve as habitat for local species and help to
increase urban biodiversity. Increasing biodiversity in urban areas is important for
sustaining ecosystems, and in the case of insects, can contribute to critical ecosystem
services like pollination (Colla et af. 2009, MacIvor and Lundholm 2011).
The built environment also comprises significant amounts of impervious surfaces,
which decrease the ability of plants to take root or for rainwater to recharge groundwater
basins (Carter and Jackson 2007, Schroll et af. 2011). Construction of the built
environment consumes a large portion of our natural resources as well as energy to
harvest and transport those materials. Efforts to minimize ecological and economical
costs of building structures have manifested themselves in the United States most notably
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under the u.s. Green Building Council, which has set forth a system of rating for both
new and old construction under the Leadership in Energy and Environmental Design
(LEED) program (Carter and Keeler 2008), which has become a standard for building
design. Buildings can eam points in various categories: sustainable sites, water
efficiency, energy and atmosphere, materials and resources, indoor environmental
quality, or innovation and design process (www.usgbc.org). A green roof can gain a
building points in various LEED categories, such as with innovation and design process.
Not your basic rooftop garden, green roofs contain growing media and are planted
with various types of vegetation. Green roofs can be either intensive, with soil depths
above 6 inches and increased size and attractiveness of vegetation, such as trees and
shrubs, or extensive, with soil depths between 2-6 inches and low, moss or grass-like
plants that require little care (Getter et al. 2009, Indianapolis DPW 2008, Obemdorfer et
al. 2007, US DOE 2004).
Although green roofs are initially more expensive than traditional roofing
techniques due to the cost of additional materials, the long-term cost savings are high and
can provide a retum on investment (Carter and Keeler 2008, Indianapolis DPW 2008, US
DOE 2004). With the growing popularity of green roofs in the United States, these costs
are going down. In Germany, where green roof technology has been established for 30
years, prices for green roof construction are as low as 50% that of conventional roofs
(www.greenroofs.com). Several cities, especially in Europe, are adopting regulations for
the incorporation of green roofs onto portions of their buildings. In Basel, Switzerland,
research on the biological conservation potential of green roofs has contributed to the
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city's new strategy of mandating the installation of green roofs on all new buildings with
flat roofs (Brenneisen 2006).
Retrofitting an existing structure with a green roof is also an increasingly common
approach. Flat roofs are generally the best candidates for this construction because they
often do not necessitate additional support for the low extra weight of an extensive green
roof, and they require little expertise in their installation (Carter and Keeler 2008). A
good candidate roof for retrofit installation should be expected to hold an extra 15-25
pounds per square foot (psf) (Indianapolis DPW 2008). Rock ballast roofs generally
weigh 10-15 psf, and would be replaced with an extensive green roof that could weigh
10-35 psf saturated (Indianapolis DPW 2008). If changes to the roof structure are
necessary, these can include additional decking, roof trusses, or joists (Indianapolis DPW
2008). Incorporating a green roof onto any building provides a multitude of
environmental and economic benefits, such as lowered heating and cooling costs, carbon
sequestration, decreased air and noise pollution, reduced urban heat island effects,
stormwater management, increased lifetime of roof membrane, presence of a more
aesthetically pleasing area, and increased urban biodiversity (Getter et al. 2009,
Obemdorfer et al. 2007, Altor 2010).
The vegetation layer acts as an insulator and can reduce a building's energy
demand by 5-10% annually (US DOE 2004). Reflective roofing materials can also reduce
a building's cooling costs in the summer, but instead of reflecting solar energy, a green
roof captures and uses this energy, preventing the additional heat from entering the
building (US DOE 2004). Plants use solar energy to fuel photosynthesis, a process that
removes carbon dioxide from the atmosphere and converts it to plant biomass; this
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capture and storage of carbon is known as carbon sequestration (Getter et al. 2009). The
U.S. Department of Energy supports the carbon sequestration potential of green roofs as
an effective way to reduce the amount of greenhouse gases in the atmosphere (Getter et
al. 2009, US DOE 2004). Photosynthesis not only removes carbon dioxide, but also
releases oxygen, and the plants can take in dust particles from the air, both of which
improve local air quality, a growing problem for large cities (Indianapolis DPW 2008).
The insulation from green roofs also cuts down on noise pollution within a building,
especially from nearby heavy traffic (US DOE 2004).
Another problem for cities is the urban heat island effect, a phenomenon where
urban areas are significantly wanner than surrounding suburban and rural areas, due to
the large amounts of impervious surfaces that essentially trap heat, and then release it
later (Obemdorfer et al. 2007). Increasing plant growth within cities can help to mitigate
the urban heat island effect via evaporative cooling, where the plants release water
through their stomata, similar to the concept of sweating (Earth Pledge 2005, Indianapolis
DPW 2008, Obemdorfer et al. 2007, US DOE 2004). Increased amounts of impervious
surfaces also contribute to large amounts of runoff during storms, in many cases leading
to floods and sewer overflows. Green roofs manage stormwater by essentially becoming
retention ponds and delaying runoff of excess water until after peak storm events (Carter
and Keeler 2008, Indianapolis DPW 2008, Obemdorfer et al. 2007). In a study in
Georgia, green roofs were found to retain 77% of rainfall on average (Carter and
Rassmussen 2006).
Green roofs are expected to outlast the lifespan of conventional roofing systems
by two to three times, lasting 40 years on average, and extensive green roofs require the
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equivalent amount of maintenance as a traditional roof, with inspections only twice a year
after initial installation (Carter and Keeler 2008, US DOE 2004). Green roofs have also
been shown to actually extend the life of the roof membrane because of the higher quality
waterproof layer and the protection from UV radiation (Carter and Keeler 2008,
Indianapolis DPW 2008, Obemdorfer et al. 2007, US DOE 2004).
Incorporating green spaces into urbanized areas is becoming essential to the
attractiveness of the city as a whole-not only for the aesthetic appeal, but also for the
improved quality of life for humans. In his foreword to Biophilic Cities, E. o. Wilson
states, "The evidence is compelling that frequent exposure to the natural world improves
mental health, it offers a deep sense of inner peace, and, in many ways we have only
begun to understand by scientific reason, it improves the quality of life" (in Beatley
2011). Many people who work in urban areas take vacations in the mountains or by the
lake, in an attempt to "get away" from our increasingly busy and industrialized lives.
Studies have indeed shown that the presence of green space in urban areas, especially in
large corporate offices and hospitals, improves worker and patient happiness, as well as
speeds up patient recovery time (Beatley 2011, Earth Pledge 2005, Kellert et al. 2008).
By incorporating green space onto an otherwise unused area of a building, green
roofs can act as protective habitat for animals, especially highly mobile species (AItor
2010). In Switzerland, using natural soils and varying the depth of the substrate on green
roofs created functioning mimics of natural, ground level habitats (BrelIDeisen 2006).
Preliminary research from another study in Switzerland gave evidence for the potential of
green roofs as habitats for some ground-nesting birds (Baumann 2006). In London,
research showed that green roofs can serve as habitats specifically for endangered or
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threatened invertebrate species (Kadas 2006). Each of these studies examined the habitat
and biodiversity potential of green roofs in Europe, but little research has been done on
green roofs in the United States. Even fewer studies have focused specifically on
invertebrates, which can operate as good indicators for ecosystem health, since they lie
towards the bottom of the food web. Insects in particular are very important for
pollination, helping our flowers and crops to grow (Colla 2009). In this study, I measured
invertebrate biodiversity on green roofs for comparison between new installations and
retrofit projects. The objective of this study was to determine what sort of invertebrates
and what level of biodiversity were occurring on green roofs in Indianapolis. Effects of
distance from city center, green roof age, and building height were also measured.
Methods
Site Selection
Four vegetated roof sites were selected in Indianapolis, Ind. based on accessibility and
type of installation (new or retrofit). All sites were established, extensive green roofs
under 5 years of age. Three of the four sites (The Nature Conservancy, TNC hereafter;
Little Sisters of the Poor, LSP hereafter; and 10th & Rural St., lOR hereafter) were fully
extensive, while one (3 Mass Condominiums, 3M hereafter) had both intensive and
extensive components. Each extensive portion of roof consisted of a mix of Sedu111
species. These plants, while generally not native to North America, are very hardy and
drought resistant, making them perfect candidates for green roofs (Indianapolis DPW
2008, Saiz et al. 2006, Altor 2010). Most species of Sedum are not considered invasive
(Altor 2010). The 3M and TNC sites were on new buildings and incorporated into the
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design, while LSP and lOR were retrofit projects. This allowed for comparison of
biodiversity benefits between new and retrofit installations. Building height, roof age,
estimated vegetated area of roof, and distance from city center were recorded for each
site (Table 1).
Sampling
Samples were taken from TNC and LSP on 22 June 2011 and from 3M and lOR on 24
June 2011. The vegetated area of each roof was treated as a grid with the southwest
comer of the roof serving as the origin (TNC used northeast corner). Sampling points
were determined using a random number chart. If the point fell in an area of the roof that
was not vegetated, a new number was determined. Enough samples were taken from each
site to cover 3% of the estimated vegetated area, in I m
2
increments. A square of PVC
piping measuring 1 m2 was laid down at each point. The area within the PVC square was
sampled for 1 min using a leaf blower (Poulan Pro BVM200VS) set in reverse, with one
leg of panty hose attached to the inside of the tube to collect the sample material. A new
panty hose leg was used for each sample. When the sampling period was complete, the
panty hose containing sample was tied off, put into a sealable plastic bag, labeled, and
kept in a freezer at -79°C until processed.
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Sample Processing and Analysis
Samples were removed from the freezer and set aside for a few minutes to thaw out.
Panty hose were then cut open and all contents poured into a clear plastic bin. Any large
l11vertebrates were moved to a labeled jar with ethanol (~70% EtOH). All contents of the
bin were then put through a #10 and #5 sieve, respectively. The smallest particles that
made it to the bottom, which consisted of both plant and invertebrate material, were then
put into a separate jar with ethanol. The leftover material in each sieve was roughly
looked through to again remove any large invertebrates and was then discarded. The
material that had passed through both sieves was placed in a Petri dish for sorting under a
dissecting microscope. This allowed me and other trained observers to pull out any
invertebrate and place it with the other invertebrates from that sample.
Once an entire sample had been sorted, invertebrates were again placed under the
microscope for identification to order, using Dichotomous Keys A, B, and C from the
American Museum of Natural History website (www.amnh.org). Although these keys
separate order Hemiptera into suborders Homoptera (aphids) and Heteroptera (true bugs),
some analyses grouped the numbers to form the one Hemiptera order. Juveniles and
fragments of invertebrates were not included in analysis due to the uncertainty in their
correct identification. Numbers of individuals were counted for each order to determine
abundance, and the Shannon-Wiener (H') and Simpson's (D) diversity indices were used
to estimate richness and evenness (MacIvor and Lundholm 2011).
Of the 32 samples taken, time allowed for only 9 samples to be analyzed
completely. These 9 accounted for 3 samples at the LSP site, and 2 each at the remaining
three sites. Because only 2 samples per site were complete, the results from these 2
samples were lumped together to create one sample per site. Averages were not used due
to high standard deviation. For the LSP site, the 2 samples used for the lump sample were
chosen at random from the 3 available. It is important to note that the results varied
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greatly depending on which two LSP samples were used, showing the importance of
sample size.
Results
I found a high abundance of invertebrates atop vegetated roofs. A total of 15,846
invertebrates belonging to 14 orders were collected in just 8 m2 from 4 different sites.
Overall, diversity decreased as abundance increased across sites (Figure 1). This was true
for both diversity indices.
No significant difference was observed between newly constructed green roofs
and retrofit projects. To see which factors possibly influence diversity and abundance,
these values were compared to the distance from Monument Circle (representing the city
center), the building height, and the age of the green roof (Figure 2). The increasing
distance from the city center of Indianapolis indicates an increase in nearby ground-level
green space (T.L. Carter and T.J. Ryan, personal communication). Diversity increased as
distance from the city center increased, while abundance decreased slightly. When
compared to the height of the building, diversity was almost unaffected, but abundance
decreased significantly. Both diversity and abundance decreased with increasing age of
the green roof; however, the relationship between age and diversity or abundance was not
strong (R2 < 0.13).
Although some orders were only represented by a handful of individuals, others
numbered in the thousands. Therefore, some common orders were analyzed separately to
see how a single order might drive the diversity and abundance correlations. Figure 3a
shows the relative frequency of four orders of invertebrates with well-developed flying
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ability, each with reasonable representation at each site. Coleoptera (beetles), Diptera
(flies and mosquitoes), Hemiptera (true bugs and aphids), and Hymenoptera (bees, wasps,
and ants) were chosen to represent flyers. Figure 3b shows relative frequency of Acari
(ticks and mites), Collembola (springtails), and Thysanoptera (thrips). These
invertebrates have limited, if any, flying ability and are likely to be carried to the roof
with the plants and growing media or by birds. Alternatively, flyers have a higher
possibility of originating from the surrounding ground-level habitats.
Hemipterans dominate three of the four sites (Figure 3a). 3M and lOR have
Hemipterans making up well more than half the flying community. These two sites
represent the oldest green roofs of the study (3 and 4 years, respectively). They also
harbor the highest abundance of Acari (Figure 3b). TNC and LSP, on the other hand, are
significantly dominated by Collembolans, and these sites have the youngest roofs, each at
2 years of age. Coleoptera and Diptera are the only orders that show a substantial
correlation to distance, with coefficients of determination (R2) of 0.67 and 0.77,
respectively. Other orders, both flyers and non-flyers, do not show a pattern as buildings
move away from the city center.
Discussion
The intent of this research was to discover the biodiversity potential of retrofit
installations of green roofs as compared to new building projects. The lack of noticeable
difference for the abundance and diversity between the new and retrofit sites suggests
that retrofit green roof projects are indeed a viable way to harbor urban biodiversity,
especially in an area where abundance of living organisms was previously scarce to none.
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The correlation between decreasing diversity and increasing abundance is a classic find;
however, because this correlation changed depending on which two of the three LSP sites
were used for analysis, it is important for future research to maintain a larger (analyzed)
sample size. With a larger number of analyzed samples, averages could be used rather
than simply lumping the data.
Despite the small number of samples ready for analysis, diversity and abundance
were found to vary considerably across sites. Overall, diversity indices were comparable
to other studies, even those that used different sampling techniques such as pitfall traps
(MacIvor and Lundholm 2011, Kadas 2006). Abundance of invertebrates collected at
each site is not accurately comparable to these previous studies due to what a single
sample consists of (1 m2 compared to 1 pitfall trap).
The relationship between diversity and distance had the highest coefficient of
determination (R2) at 0.89 and shows that as distance from the city center increases, so
does diversity. However, abundance is fairly unchanged across distance. This could be
due to the increase in other available habitats as one moves away from the concrete
jungle of a downtown area. Perhaps the abundance of invertebrates supported by a green
roof is fairly static, but the makeup depends on what else is around. A green roof in a
downtown area may be an actual destination for invertebrates where they become
permanent residents because there is no other suitable habitat available. Green roofs in
London have been found to harbor species not found in surrounding areas and have been
suggested as a way to protect and preserve endangered or threatened species (Kadas
2006). On the other hand, a green roof in a more suburban or rural area may instead serve
as a resting point as invertebrates move from habitat patch to habitat patch. If this creates
12
a higher flow of individuals through a green roof, anyone sample may see an increase in
diversity.
When compared to increasing building height, diversity seemed unaffected while
abundance significantly decreased. Both diversity and abundance were expected to
decrease with higher buildings, seemingly due to the lack in accessibility to higher
rooftops, especially by invertebrates that have limited mobility. However, a decrease is
only seen in abundance. The lack of change in diversity could also be due to this
inaccessibility of high buildings, simply suggesting that while it is more difficult to get to
a higher green roof, there are still some individuals who do make it from similar taxa on
lower buildings. It is worth noting other factors that might be in place. The tallest
building in this study was 3 Mass Condominiums at approximately 55 m and this rooftop
is accessible to all residents, as well as their pets. Because this site had a mixture of
extensive and intensive components, the variety of plant types other than Sedum could
affect invertebrate biodiversity. It is also likely that fertilizers and pesticides are used on
this vegetated roof to keep the area free of pest and weed species. Invertebrate diversity
could be affected by plant diversity on the roof, and several factors could influence this.
A study on extensive green roofs in Berlin found that weather-related factors had the
largest affect on the plant diversity of the roofs (Koehler 2006). Any of these factors
could influence the abundance and diversity of animals at this site.
Both abundance and diversity decreased slightly as the age of the green roof
increased. However, the correlations for both of these graphs are fairly low, and a larger
sample size or a wider range of ages in sites may show something different. The
communities are likely to change as they move to a state of equilibrium, but an increase
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or decrease in their diversity or abundance cannot be accurately predicted from the
present data. A long-term study of green roofs showed that age had no statistical
influence on the plant diversity of a roof (Koehler 2006). Long-term research on
invertebrate diversity may also show this.
Each site had one order that dominated over half of the entire community. 3M
had 63% Acari, TNC had 79% Collembola, lOR had 65% Hemiptera, and LSP had 73%
Collembola. It is interesting to note that the only order with significant flying ability that
dominated a roof was Hemiptera, and this roof was lOR, which as the lowest building in
the study sits only 4 m off the ground. lOR is also the oldest roof, which may suggest that
invertebrates brought in with soil do not necessarily continue to thrive once on the roof,
despite their high numbers when first installed. However, all roofs in the study were very
close in age, and as mentioned above, age may have no significant affect, but long-term
research on invertebrate diversity should be done to determine this.
Looking across sites at flying insects, Coleoptera and Diptera were the only
orders that showed a noticeable correlation to distance from Monument Circle.
Surprisingly, relative frequencies of both orders decreased with increasing distance,
which is counter-intuitive given that overall diversity increased. This suggests that other
orders might be stepping in and increasing or decreasing their numbers as the community
moves toward equilibrium over time. Immigrants from nearby source patches at ground
level could compete with existent orders and change the composition of the roof
community. Koehler (2006) found that species richness increased on green roofs in the
suburbs compared to imler-city sites. However, species richness is only one component of
diversity. If increasing distance from the city center does produce an increase in source
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patches, then various orders could change in evenness, and diversity could significantly
increase or decrease with distance. It is worth noting that several large bees and
butterflies were observed during sampling, and the sampling method is likely the reason
for their underrepresentation in the data (most Hymenoptera in these samples were tiny
wasps or ants). These larger invertebrates could be outcompeting others for resources.
My results support the conclusion that green roofs can indeed harbor significant
amounts of invertebrate diversity in urban areas. With growing rates of urbanization,
green roofs can become very important tools for conserving biodiversity. Many natural
and local factors can affect the composition of diversity on urban green roofs. Other
studies have shown that well-designed green roofs can mimic ground-level habitats
(Baumann 2006, Brenneisen 2006, Kadas 2006). Research on the economic benefits of
green roofs in addition to the ecological studies mentioned here demonstrates the
incredible multi-functionality of green roofs for urban design (Grant 2006). If we can
begin to look at green roofs less as ornamental gardens and more as viable components of
urban planning, we can help mitigate the negative effects, both economical and
ecological, of increasing urbanization.
The Future of Green Roofs in Indianapolis
The installation of green roofs on established structures is booming across the United
States, particularly in cities like Portland, Chicago, and New York City (Cutlip 2006).
While adoption of this technology in Indiana is slower, efforts are being made to spread
knowledge of the technology itself and of existing projects in the area (Altor 2010). Altor
(2010) found that by August of20ID, rebates of up to 50% on permit fees are available to
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Indianapolis green building projects. The Indianapolis Office of Sustainability, the
Department of Code Enforcement, and United Water are all working together to provide
incentives for green building projects in Indianapolis (Altor 2010).
As a testimony to the ease of install and as an opportunity to see the benefits
directly, the Butler University Student Government Association funded a green roof
installation atop the Pharmacy Building on Butler's campus. Preparatory research took
months of work, stemming from the study of this thesis, but the installation of a 1300 sf
green roof was completed in two hours on 22 March 2012. This was largely due to the
efforts of a few university facilities employees and a large volunteer group consisting of
myself and fellow students, faculty, and staff. Other such green roof projects in
Indianapolis have also seen completion through the collaboration of volunteer labor and
public or private grants (Altor 2010). This speaks to the wide availability of low-
cost/high-benefit ways to incorporate green building projects, even small ones. The new
green roof on Butler's campus will be available for public view soon.
Although the installation of the Butler University green roof is still quite new, the
results from this and other studies suggest that the university will see a multitude of
benefits as time goes on. A few bees and even a caterpillar were already seen on the roof
on the day of install, showing the potential for habitat and increased biodiversity atop the
Pharmacy Building. A new component to the food web and surrounding ecosystem is
now available where before there was virtually nothing. It is my hope that more projects
like this, including installations and research, will continue to grow across Indianapolis
and the Butler University campus.
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Figure 1. Shannon-Wiener (H') and Simpson's (D) diversity indices as a function of total
abundance for each site.
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Figure 2. Diversity and abundance as compared to distance from Monument Circle,
building height, and age of green roof.
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Figure 3. Proportion of select orders at each site. Note: The bar representing Hemiptera
for the lOR site has a break.
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